Abstract. Literature concerning the visualization of abstract data in immersive environments is sparse. This publication is intended to (1) stimulate the application of abstract data visualization in such environments and to (2) 
main reason for its application. Although not necessarily containing spatial components, abstract data must also be spatially arranged in order to be displayed.
Thus, abstract data visualization can benet from IEs [1] .
We would like to review and stimulate discussion on the visualization of abstract data in immersive environments -immersive Abstract Data Visualization (iAV). We also introduce a novel concept for iAV not available for non-immersive viewing technology. After reviewing existing research in this eld (Section 2), the main requirements of the visualization of abstract data are discussed (Section 3) and used to show that the properties of IEs can help to advance data representation and interactive analysis (Section 4). To illustrate the mainly undiscovered potential of iAV, a novel concept considering the user as an active part of the visualization instead of a passive viewer is introduced (Section 5). Its implementation is shown for the two traditional visualization techniques scatter and parallel coordinates plot, each focussing on a dierent aspect of the concept. We conclude that iAV will not replace common desktop-based data exploration, but will enrich the state of related visualization technology by novel means for visual representation and the way we interact with the data (Section 6). 
Work Related to Immersive Abstract Data Visualization
Involve Me And I Will Understand! 3 from the data to facilitate conveyance of data aspects and to simplify navigation. Others enrich a virtual world by Infographics [2] . The concept introduced in this paper does not take advantage of a virtual world metaphor and thus is signicantly dierent from this approach.
Visualizations for IEs not using the virtual world metaphor are sole data displays. They take advantage of the provided depth cues and thus an enriched and more natural 3D data representation. Most of the techniques are founded on developments for desktop environments, such as the techniques shown in Figure 1 , right. Recent research [1] has shown that this provides a much better data representation and supports conveyance of properties of the data. Most common are traditional scatter plots that can be found in all varieties [3, 4, 1] often paired with an appropriate glyph-based representation to show more than three data dimensions in a single display. However, adaptations of other data displays, such as line charts [3] or the parallel coordinates plot [4], have also been proposed. Novel visualization strategies specically developed for immersive environments are rare. The few approaches have mainly been proposed for single application areas and data types that have specic needs, such as software [5] or documents [6] . These solutions are strongly domain-and problem-specic. The novel concept introduced in this paper is broadly applicable and involves the user into the representation. Thus, it opens up for a whole new view of iAV.
Main Requirements for Abstract Data Visualization
The visualization of abstract data is related to the eld of information visualization. Card et al. [7] identied an appropriate (1) visual representation and (2) means for interaction as the key requirements for meaningful solutions in this domain. We will discuss to what degree these aspects can be implemented by 2D and 3D representations.
Visual representation In order to amplify cognition [8] , properties of the data are mapped into appropriate perceptual attributes, such as position, orientation, size, shape, or color. Thereby, position is probably the most often used attribute as it relies on the strong ability of the human visual system to determine distances and relate objects to each other. This ability is strongest in 2D representations. Thus, they have a long successful tradition especially for low-dimensional data sources and can reduce visual overload and the complexity of comparison and relation tasks. However, when data becomes more complex, e.g., has higher dimensionality, their limits become quickly apparent. 3D representations have two main advantages compared to their 2D counterparts: (1) there is an additional spatial dimension available for value encoding and (2) they help shift the viewing process from being a cognitive task to being a perception task [9] . This enables a much faster processing of the contents [10] and makes them more natural and appealing to us. Thus, encoding data into a third spatial dimension is often superior compared to other means. The ability of the human visual system to determine distances, however, is less accurate in 3D space.
In order to display a data representation on a common screen, it must be projected into the 2D screen space. This process causes occlusion issues and visual clutter for 3D graphics. Due to this, such representations have been labeled weak-3D [11] .
Interaction Most of the established interaction devices are designed for 2D displays and representations. Widely accepted solutions for interacting with 3D
representations on 2D screens are not available making data exploration in such set-ups dicult to impossible. As meaningful interaction is also imperative to solve the inherent occlusion problem and to improve the viewers's understanding of 3D content, there has always been a strong controversy whether 3D representations are meaningful in the visualization of abstract data. Given their advantages for visual data representation, one might conclude that the lack of appropriate means for interaction is probably the main reason why 3D information displays are often neglected.
Benets of Immersive Environments for Abstract Data Visualization
In this section, we show that the realistic three-dimensional data representation and intuitive means for interaction inherently provided by IEs are able to meet the requirements for abstract data visualization, and thus allowing full advantageous use of 3D graphics. IEs can also provide a solution for the often corresponding problem of visualization of large data volumes.
Realistic Three-dimensional Representation
IEs create the impression of a user being present in the visualization, resulting in a data representation that is natural to the viewer and requires less cognitive strain. This leads to amplied cognition as well as an increased user acceptance [12] and performance in tasks typical for information exploration [13] . First developments in iAV revealed that they are well-suited for tasks requiring a spatial understanding [1] or a mental model of the data and its representation [12] . As shown for simple data or more sophisticated cluster displays as well as tree and graph visualizations, task completion times can often be signicantly reduced [14, 12] or are generally lower [15] compared to that of 2D representations. Keys for the success are the provided depth cues [12] and immersion [15] . However, it has been reported [11] that such a strong-3D display [11] does not always provide better results than a weak-3D display. This especially applies to less cluttered data representations.
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Intuitive Means for Interaction
IEs are closer to natural interaction than many other forms of computer systems and inherently overcome the problems imposed by interacting with 3D data.
They support most tasks relevant to abstract data exploration [13] . Crucial for their success is the natural and eortless ability to change the viewing perspective by head-based rendering (HBR), providing eective means in solving occlusion problems and adjusting the detail level of the data. Panning and zooming may be used to examine dierent parts of the data representation. As stated in [15] , this characteristic leads to better task completion times, higher usefulness ratings, and less disorientation compared to other forms of interaction.
As the viewer is immersed in the environment and can almost touch it, more complex forms of interaction such as selection may also be provided in an intuitive and natural way to the viewer. The respective implementation, however, would strongly depend on the given application context and available hardware, such as magic wands or data gloves.
Visualization of Large Data Volumes
Because data must often be displayed in detail and in many dierent views at a time, the available screen space becomes one of the limiting factors in the visualization of large data volumes. Clusters of computer screens and display walls have recently become very common in pushing the existing boundaries. Immersive environments probably representing the ultimate solution for this trend.
They provide a eld of view in resolutions that shifts the constraining factor from used hardware to the human visual system's abilities. The literally unlimited screen space also signicantly reduces viewing interactions. The supported natural means for zooming and panning help to overcome the general problem of visual overload.
Drawbacks
Despite the many dierent advantages provided by IEs, it has been reported that initial learning eorts may increase task completion times especially for users unfamiliar with IEs [14] . However, such diculties are usually quick to overcome [16] . There are also cases where IE usage does not provide a signicant advantage compared to non-immersive display technology [11] . As IEs only advance the means for data representation and interaction, this especially applies to solutions that strongly rely on other stages of the visualization process, such as ltering. In poorly designed representations, disorientation or cybersickness may appear [16] . One major drawback of IEs often neglected in related literature is their reliance on a direct interaction with the data. The thereby resulting higher level of physical activity compared to common desktop-based data analysis can lead to fatigue especially for complex and long exploration tasks. 
Immersive Scatter Plot (iSP)
Background and main idea: In common scatter plots dimensions must be neglected when data of higher dimensionality is to be visualized leading to information loss. By taking advantage of immersion and treating the position of the immersed viewer as an individual data point in data space, an immersive Scatter Plot (iSP) is able to represent characteristics of higher-dimensional data.
Six-dimensional (6D) data is used in this example.
Representation: An iSP without an immersed viewer is identical to an ordinary 3D scatter plot (see Figure 2 , left). In order to represent data of higher dimensionality, we take advantage of the worlds within worlds metaphor [17] and overlay the displayed primary coordinate system, the master plot, with a secondary coordinate system, the navigation plot. Both systems share the same origin and alignment of the dimension axes. The master plot represents three dimensions of the data arbitrarily selected by the author via interactive menus.
As within the traditional scatter plot, these dimensions determine the respec- As it is not always desired to track the user position, we implemented the option to disable this option. This keeps the point representation constant allowing for its further exploration at dierent angles or distances (see Figure 3, right). Although not mandatory for immersion, we also provide an interactive wand making it possible to pan, zoom, or rotate the visualization in presentation space.
Properties: The iSP approach allows to explore a 6D data set by a common 3D scatter plot. Our tests have shown that it is simple to mentally link both plots, although it might take some initial training eorts to understand the principle and to memorize the dimension mapping. As both coordinate systems The fact that the user axis is aligned with the user creates a viewing angle to the data that inherently prioritizes lines closer to the eyes of the viewer. To allow for independent views of the data, we provide means similar to that proposed for iSP to disable user tracking ( Figure 5 , right). We also support wand interaction allowing for dierent viewing transformations not supported by HBR. We did not observe any disorientation or cybersickness for our implementations of iPC and iSP.
Conclusion and Future Work
We showed that immersive environments can provide many benets for the visualization of abstract data. Compared to the common at" data display, immersive environments support a highly realistic representation of the three spatial dimensions and natural means to interact in that space. We also introduced a novel concept for the immersive visualization of abstract data involving the user as part of the data or layout. Its implementation has been demonstrated by the adaptation of the scatter and parallel coordinates plot. Both showed the potential of the approach, but represent rst attempts in this direction only.
In future research we will evaluate the novel concept by comparisons to established 2D visualization techniques and comprehensive user tests. We will also be concerned with novel visualization strategies exclusively designed for immersive environments. First developments for cluster visualization based on transient spheres that can be entered in order to provide context for the associated cluster or its sub-clusters are promising. Such visualizations have the potential to lead to a completely novel class of data displays taking full advantage of the benets provided by immersive environments.
